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Abstract

Background: Neonatal exposure to anaesthetics such as sevoflurane has been reported to result in behavioural deficits in
rodents. However, while oxidative injury is thought to play an underlying pathological role, the mechanisms of neurotoxicity
remain unclear. In the present study, we investigated whether the NADPH oxidase inhibitor apocynin protects against long-
term memory impairment produced by neonatal sevoflurane exposure in mice.

Methods: Postnatal day six mice were divided into four groups; (1) non-anaesthesia, (2) intraperitoneal apocynin (50 mg kg™
treatment, (3) 3% sevoflurane exposure for 6 h, and (4) apocynin treatment combined with sevoflurane exposure. Superoxide
concentrations and NADPH oxidase expression in the brain were determined using dihydroethidium fluorescence and
immunoblotting, respectively. Cleaved caspase-3 immunoblotting was used for the detection of apoptosis, and cytochrome c
immunoblotting was performed to evaluate mitochondrial function. Long-term cognitive impairment was evaluated using the
fear conditioning test in adulthood.

Results: Sevoflurane exposure increased concentrations of superoxide (109%) and the NADPH oxidase subunit p22phox (39%) in
the brain, and apocynin abolished these increases. Neonatal sevoflurane exposure caused learning deficits in adulthood.
Apocynin also maintained long-term memory function in mice given neonatal sevoflurane exposure, and it reduced apoptosis
and decreased cytochrome c concentrations in the brains of these mice.

Conclusions: Apocynin reduces neuronal apoptosis and protects against long-term memory impairment in mice, neonatally
exposed to sevoflurane by reducing superoxide concentrations. These findings suggest that NADPH oxidase inhibitors may
protect against cognitive dysfunction resulting from neonatal anaesthesia.
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Neonatal exposure to anaesthetics, such as sevoflurane, has
been reported to induce neuronal apoptosis and produce behav-
ioural deficits in rodents, although the mechanisms of neurotox-
icity are still unclear."™® Recent studies have demonstrated
that the co-administration of a non-selective antioxidant with

i.v. or volatile anaesthetics protects rodent neonates against
long-term cognitive impairment and neuronal apoptosis.”™
This suggests that reducing oxidative stress is crucial for prevent-
ing memory impairment produced by neonatal anaesthetic
exposure.
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Editor’s key points

e Exposure to sevoflurane in the neonatal period results in
subsequent memory impairment.

e Oxidative damage via increased NADPH oxidase activity
may be involved.

¢ Neonatal mice were exposed to sevoflurane with and with-
out the NADPH oxidase inhibitor apocynin.

e Mice exposed to sevoflurane had memory impairment in
adulthood and apocynin reduced this.

Superoxide, which is generated from molecular oxygen, is a
precursor of several highly reactive oxygen species, and there-
fore, it is necessary to fully understand its role in oxidative stress
and neuronal pathologies.'® Nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase is one of the mostimportant sources
of superoxide.’* *? Indeed, previous studies have shown that
superoxide production by NADPH oxidase underlies cognitive
impairment after cerebral ischaemia and traumatic brain in-
jury."*™'> However, the role of NADPH oxidase in memory impair-
ment has not been examined in animals exposed to anaesthesia
in the neonatal period. Furthermore, it is not known whether
targeting NADPH oxidase during anaesthesia protects the neo-
natal brain from long-term memory deficits. Therefore, in the
present study, we investigated whether the NADPH oxidase
inhibitor apocynin protects against long-term memory deficits
produced by neonatal sevoflurane exposure.

Methods
Ethical approval

The Animal Care and Use Committee of Tokyo Medical and
Dental University approved the protocol and the study was
performed in accordance with relevant aspects of ARRIVE
guidelines.

Experimental mice

Postnatal day five C57BL/6 mice (average body weight: 2.7 g), as a
litter with their mother, were purchased from SLC (SLC Japan Inc.,
Shizuoka, Japan). Mice were housed under a 12-h light-dark cycle
(lights on from 08:00 to 20:00), and room temperature was main-
tained at 21 (1°) C. The same number of pups from each litter was
used for the experiments to reduce variability related to the use
of different litters (total number of pups used=110). For the
behavioural study, male mice were weaned at three or four
weeks of age and housed four mice per cage for each experimen-
tal group. All mice had ad libitum access to water and food. Behav-
ioural testing was carried out only on male mice to avoid
potential variability caused by the oestrous cycle.’®

Anaesthesia

We used sevoflurane anaesthesia protocol as previously pub-
lished.® On postnatal day six, mice were placed in a humidified
chamber (180x180x200 mm) heated to 38 (1)°C, and were
exposed to 3% sevoflurane in 40% oxygen for 6 h, which was
delivered via a calibrated flowmeter (Shinano, Tokyo, Japan),
with a total gas flow of 1 L min~*. During sevoflurane anaesthesia,
all mice maintained spontaneous breathing and eventually
exhibited the loss of the righting reflex.

For the experimental treatments, the pups from the same litter
were randomly divided into four groups; (1) non-anaesthesia
(NA group, control mice), (2) NADPH oxidase inhibitor treatment
(apocynin) group where mice received intraperitoneal apocynin,

50mgkg™,"” *¥in a total injection volume of 10 ul, (3) 3% sevoflur-

ane exposure (SEVO group, where mice received 3% sevoflurane
for 6 h), and (4) apocynin in combination with sevoflurane (apocy-
nin+SEVO group, where mice received 3% sevoflurane for 6 h in
addition to intraperitoneal apocynin, 50 mg kg™?). Apocynin pow-
der (Abcam, Cambridge, MA, USA) was dissolved in ethanol to
make a stock solution, which was then diluted with phosphate
buffered saline (PBS) to the appropriate concentration for adminis-
tration. As pups are very small, injection volumes were limited to
10 pl and so the percentage of alcohol in the solution needed to be
sufficient to fully dissolve the apocynin powder. However, during
perfusion, the abdominal tissue did not show any sign of damage
24 h after anaesthesia induction, suggesting that local ethanol
toxicity was negligible. The preparation of apocynin i.p. injection
was done according to previously published studies.”” *® Mice in
the NA and apocynin groups received carrier gas. Mice were
returned to the original litter after treatment.

Detection of superoxide

Mice were anaesthetized usingi.p. pentobarbital (50 mg kg™*) and
adequate anaesthesia was ascertained by lack of response to tail
pinch. They were then rapidly transcardially perfused with 10 ml
cold 0.1 M PBS and the brain was quickly removed and immedi-
ately frozen at —80°C. Slices, 10-um-thick, were cut on a cryostat
and mounted onto microscope slides. Concentrations of super-
oxide in the brain were assessed using dihydroethidium (DHE)
(Sigma-Aldrich, St. Louis, MO, USA) fluorescence.'® Each slice
was incubated with 10 uM DHE for 30 min at 37°C in the dark.
After incubation, the sections were washed with PBS (pH 7.4)
three times and analysed by fluorescence microscopy using
the Zeiss LSM Image Browser (Carl Zeiss Microlmaging, Jena,
Germany). Mean DHE fluorescence values of five regions of
interest in the cortex layer (two for each slice) were quantified.

Histopathological evaluation

For histopathology, mice were anaesthetized as before, 18 h after
treatment, and perfusion was performed. The brain was removed
and immersed in 4% paraformaldehyde in PBS overnight at 4°C.
Subsequently, 50-um-thick coronal sections were cut, and then
washed with PBS in 0.3% Triton X-100 for 10 min, and endogen-
ous peroxidase activity was blocked with 1% H,0, for 30 min.
Thereafter, sections were incubated with rabbit anti-cleaved
caspase-3 antibody (Cell Signaling Technology; 1:300) in PBS/
Tween-20 overnight at 4°C for detecting apoptosis. Sections
were incubated with peroxidase-conjugated secondary antibody
(EnVision+System, Dako, Tokyo, Japan) for 2 h and washed with
PBS. Then, the sections were reacted with 3, 3’-diaminobenzidine
(Vector Laboratories, Burlingame, CA, USA) according to the man-
ufacturer’s instructions. The sections were mounted on slides
and counterstained with 0.5% neutral red solution. Our previous
investigation® showed that the apoptotic response to sevoflurane
was robust over the whole brain.

Western blot analysis

For protein analysis using western blotting, mice were anaesthe-
tized as before and 18 h after treatment, whole brains were quickly
removed, and immediately homogenized onice in 100 ul homogen-
ization buffer containing 20 pM Tris-HCl (pH 7.5), 1 mM EDTA,
1 mM NayP,0, and protease inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan). After centrifugation at 21,000xg for 30 min at 4°C,
the supernatant was removed and stored at —80°C until use. The
amount of protein in each sample was measured using a protein
assay kit (BCA,; Pierce, Rockford, IL, USA).
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For sodium dodecyl sulfate polyacrylamide gel electrophoresis,
brain protein homogenates were mixed with lane marker sample
buffer (Pierce) and denatured for 5 min at 95°C. The samples were
cooled, separated using a 10% Mini-PROTEAN TGX™ Gel (Bio-Rad,
Hercules, CA, USA), and transferred onto a nitrocellulose mem-
brane (Bio-Rad). Rabbit anti-4-hydroxynonenal (4-HNE) antibody
(Abcam; 1:1000) was used to detect concentrations of the oxidative
stress marker. Rabbit anti-p22phox and rabbit anti-gp91phox anti-
bodies (Santa Cruz Biotechnology, Dallas, TX, USA; both 1:1000)
were used to detect NADPH oxidase subunits. For detecting apop-
tosis, rabbit anti-cleaved caspase-3 and rabbit anti-cleaved poly
[adenosine diphosphate-ribose] polymerase (PARP) antibodies
(Cell Signaling Technology, Beverly, MA, USA; both 1:1000) were
used. Rabbit anti-cytochrome c antibody (Abcam; 1:5000) was
used to evaluate mitochondrial function. After blocking in 5%
non-fat milk for 30 min, the membrane was incubated with pri-
mary antibody in TBS containing 0.1% Tween-20 overnight at 4°
C. The membrane was then incubated with secondary antibody
(Abcam; 1:10,000) for 1 h at room temperature after washing
with Tris-Buffered Saline and Tween-20. Mouse B-actin antibody
(Sigma-Aldrich; 1:5000) was used as the loading control. The pro-
tein bands were visualized using a chemiluminescence detection
system (SuperSignal West Pico; Pierce). For quantification of the
oxidative stress marker 4-HNE, the total intensity of the 4-HNE
lane was compared between groups.”® **

Fear conditioning test

To assess long-term cognitive impairment induced by sevoflur-
ane exposure, the fear conditioning test was performed.® ¥ Male
mice in each experimental group underwent behavioural testing
in adulthood (11-13 weeks of age). The fear conditioning test
was carried out in the daytime (between 09:00 and 12:00). The
movement of mice was monitored using a computer-operated
video tracking system. The apparatus used in this study were
made by O’Hara & Co., Ltd. (Tokyo, Japan). The conditioning
trial for contextual and cued fear conditioning consisted of
a 6 min period followed by three conditioned stimulus-
unconditioned stimulus pairings, each separated by 1 min.
Each pairing was as follows: unconditioned stimulus, 0.5 mA
foot shock intensity, 1 s duration; conditioned stimulus, 60 dB
white noise, 20 s duration. The unconditioned stimulus was de-
livered during the last few seconds of the conditioned stimulus
presentation. The contextual test was performed in the condi-
tioning chamber for a five min period in the absence of white
noise 24 h after conditioning. A cued test (on the same set of
mice) was performed by presentation of a cue (60 dB white
noise, 3 min duration) in an alternative context with distinct
visual and tactile cues 48 h after conditioning. The duration of
freezing time was recorded to assess fear memory. The freezing
percentage during each test was compared between each group.
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Fig 1 Concentrations of superoxide and lipid peroxidation in the neonatal mouse brain. Representative images of DHE fluorescence in the brain slice (scale bar=200
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Fig 2 Expression of NADPH oxidase subunits in the neonatal mouse brain. Representative images and relative expression concentrations of (A) p22phox and ()
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Fig 3 Representative image and relative concentrations of cytochrome C in
the brain 6 h after sevoflurane exposure (*P<0.05, NA vs SEVO, n=5 each).

Statistical analysis

Data are shown as individual raw data points. Data from be-
havioural testing are expressed as mean (sp). DHE fluorescence
and protein expression are expressed as a percentage of the
control (NA group) value. Statistical analysis was performed
using SPSS statistical software package (Version 18, SPSS
Inc. Chicago, IL). Kruskal-Wallis omnibus test was used for

comparisons of non-parametric data and behavioural data
were analysed using aANova and post hoc Neuman-Keuls mul-
tiple comparison test. A P-value<0.05 was considered statistic-
ally significant.

Results

Evaluation of oxidative stress

The 6 h neonatal sevoflurane exposure increased concentrations
of superoxide in the brain, and the NADPH oxidase inhibitor
apocynin abolished this effect of the anaesthetic (Fig. 1,
P=0.001). Brain concentrations of the lipid peroxidation marker
4-HNE were also elevated 6 h after sevoflurane exposure, and
apocynin inhibited this increase as well (Fig. 1F, P=0.029).

NADPH oxidase protein expression

Neonatal sevoflurane exposure increased expression of the
NADPH oxidase subunit p22phox in the brain, and apocynin
abolished this increase (Fig. 2A, P=0.035). However gp91phox,
another NADPH oxidase subunit, remained unchanged in all
experimental groups (Fig. 2B)

Mitochondrial damage and apoptosis

The 6 h neonatal sevoflurane exposure significantly increased
concentrations of cytochrome c in the brain (Fig. 3, P=0.038), and
simultaneously increased concentrations of cleaved caspase-3
(Fig. 4A-D, P=0.010), and concentrations of another apoptosis
marker, PARP (Fig. 4E). Apocynin reduced concentrations of cyto-
chrome c and apoptosis in the brains of these mice (Figs 3 and 4).

Evaluation of long-term memory

Neonatal sevoflurane exposure significantly reduced the freezing
response in the contextual fear conditioning test (Fig. SA, P<0.05)
and in the cued fear conditioning test (Fig. 5B, P<0.05).
Co-administration of apocynin abrogated this decline in long-term
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memory function (Fig. SA, P<0.05; and (Fig. 5B, P<0.05). These results
indicated that co-administration of apocynin could suppress
impairment of memory subsequent deficits caused by neonatal
sevoflurane exposure.

Discussion

Consistent with previous studies,’™ ’~° neonatal sevoflurane

exposure produced an approximately 40% reduction in subse-
quent freezing responses in the contextual and cued fear condi-
tioning tests, indicating that neonatal anaesthesia impairs both
hippocampus-dependent and independent memory. Neonatal
sevoflurane exposure increased concentrations of superoxide
and the oxidative stress marker 4-HNE. It also simultaneously
increased mitochondrial damage and apoptosis in the brain.
These results indicate that sevoflurane anaesthesia induces oxi-
dative stress by increasing superoxide production, which in turn
results in neuronal damage. Importantly, the co-administration
of apocynin®? prevented mitochondrial damage and apoptosis
by abolishing oxidative stress, and further preserved long-term
memory function induced by neonatal sevoflurane exposure.
These results suggest that inhibiting NADPH oxidase protects
against long-term memory impairment induced by neonatal
sevoflurane exposure by alleviating oxidative stress-induced
neuronal damage and dysfunction.

Interestingly, we found that neonatal sevoflurane exposure
increased expression of the NADPH oxidase membrane subunit
p22phox in the brain, suggesting that increased NADPH oxidase
activity underlies the oxygen free radical overproduction caused
by the anaesthetic. Previous studies in animal models of ischae-
mic and degenerative brain injury have also reported a role for
superoxide production resulting from NADPH oxidase activa-
tion.”® *® 2>?7 Another anaesthetic, ketamine, has been reported
to induce schizophrenia-like behaviour via NADPH oxidase acti-
vation in adult mice.”® These results strongly suggest that activa-
tion of NADPH oxidase is a major cause of cerebral malfunction.
In previous studied in rodent neonates, 3% sevoflurane exposure
did not cause hypoxia and hypoventilation.? ® The mechanisms
through which anaesthetics activate NADPH oxidase in the neo-
natal brain remain to be clarified.

Our findings are in agreement with previous studies demon-
strating that the co-treatment with a non-selective antioxidant,
such as EUK-134, along with i.v. or volatile anaesthetics, protects
rodent neonates against neuronal apoptosis and long-term cog-
nitive impairments.” ® Our findings suggest that the inhibition of
NADPH oxidase is crucial for alleviating memory impairment in
newborn animals subjected to anaesthetic insult, and that such
non-selective antioxidants may be neuroprotective via decreased
oxidative injury. The present findings, however, do not permit
the conclusion that apocynin protects against anaesthetic tox-
icity in neonatal brain solely through effects on superoxide.
The sevoflurane exposure augmented protein expression of
p22phox, but not gp91phox (NOX2), in the current study. The
NADPH membrane subunit p22phox interacts with the NOX1,
NOX2, NOX3 and NOX4 homologues, stabilizing the enzyme
complex."” It is thus possible that several NADPH oxidase homo-
logues, including NOX1, NOX3 and NOX4, play roles in the neur-
onal toxicity induced by sevoflurane.

Interestingly, Coyoy and colleagues” found that continuous
daily administration of apocynin to rats from postnatal days
2-25 induced a significant change in cerebellar foliation and an
alteration in motor behaviour, suggesting that NADPH oxidase
is indispensable for proper brain development. In comparison,
in the present study, apocynin alone did not affect long-term

memory function, although it prevented memory impairment
caused by neonatal sevoflurane exposure. These conflicting
reports indicate the importance of the timing of apocynin
administration.

Conclusions

We demonstrate in this study that apocynin prevents long-term
memory impairment in mice neonatally exposed to sevoflurane
anaesthesia by decreasing superoxide concentrations through
inhibition of NADPH oxidase. These findings suggest that
NADPH oxidase inhibitors may have therapeutic potential for
protecting against cognitive dysfunction resulting from neonatal
anaesthesia in animals and humans. Further studies are needed.
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